The extracellular matrix(ECM), which is primarily composed of collagens and proteoglycans, plays a key role in cell proliferation, differentiation, and migration and interactions between cells. In this study, we produced chitosan/gelatin/bone marrow stem cells-derived extracellular matrix(C/G/BMSCs-dECM) scaffolds via lyophilization and cross-linking, and chitosan/gelatin(C/G) scaffolds were used as controls. For the C/G/BMSCs-dECM scaffolds, the average pore size was 289.17 ± 80.28 µm; the average porosity was 89.25 ± 3.75%; the average compressive modulus was 0.82 ± 0.07 MPa; and the average water uptake ratio was 13.81 ± 1.00. In vitro, the C/G/ BMSCs-dECM scaffolds promoted bone marrow stem cells(BMSCs) attachment and proliferation. Moreover, improved osteogenic differentiation was observed for these scaffolds. Thus, C/G/BMSCs-dECM is a promising material for bone tissue engineering.
INTRODUCTION
Every year, millions of people develop bone defects for a variety of reasons, and the use of scaffolds for tissue engineering is a promising approach for the treatment of these defects [1] . Scaffolds composed of hydroxyapatite and tricalcium phosphate have been applied, and various products have been used commercially. However, the ability of these scaffolds to promote osteogenesis is not satisfactory; thus, researchers added osteogenic factors, such as vascular endothelial growth factor(VEGF) and transforming growth factor beta-1(TGF-β1), to cells via transfection, which were then incorporated into the scaffolds [2] . A functional scaffold should be osteoconductive, degradable and bioactive [3] , but improving bioactivity through cell transfection is inefficient. Therefore, organic materials are needed for tissue engineering.
The extracellular matrix (ECM) is a fibrillar basement network of secreted proteins that plays a key role in cell proliferation, differentiation, and migration and the interactions between cells [4] . In vivo, the ECM is initially produced by cells and subsequently formed into a three-dimensional network [5] , making it a suitable material for scaffolds. Decellularized organs derived from animals and humans have been made into scaffolds [6] [7] [8] ; however, potential pathogen transmission limits their application. The fabrication of ECM on porous scaffolds has become increasingly popular, and several studies have shown good outcomes [9] [10] [11] [12] . Briefly, cells are cultured with scaffolds for several days such that they adhere to the walls of the scaffolds and secrete ECM. Then, the scaffolds are decellularized using physical or chemical methods, and scaffolds coated with ECM are obtained. However, collagens and proteins are damaged during decellularization. Liming Wang extracted intact bone marrow stem cells-derived ECM (BMSCs-dECM) and used it to form scaffolds for cartilage regeneration [13] . This method retains the bioactivity of the ECM. Based on our previous experience, a portion of the ECM is
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lost when an ECM suspension is lyophilized. Moreover, the mechanical strength of ECM scaffolds is low [13] ; therefore, scaffolds made entirely of BMSCs-dECM cannot be used for bone tissue engineering.
Chitosan is the only osteogenic cationic polysaccharide of natural origin [14] , while gelatin is anionic. Satisfactory mechanical properties can be obtained with scaffolds composed of chitosan and gelatin, and these scaffolds have been used for bone tissue engineering [14] [15] [16] [17] . Theoretically, the incorporation of ECM into chitosan and gelatin scaffolds may improve the mechanical properties of ECM scaffolds and the bioactivity and osteogenic capability of C/G scaffolds. In addition, ECM loss through lyophilization will not occur.
Stem cell differentiation is the key process of osteogenesis, adipogenesis and chondrogenesis. Moreover, previous studies have confirmed that the nanotopographical geometry, feature size and height can influence the phenotype and, eventually, the function of cells [18] [19] [20] . Hence, the scaffold structure is also a key factor in bone tissue engineering.
In this study, we constructed C/G/BMSCsdECM scaffolds and investigated the feasibility of their application in bone tissue engineering.
RESULTS
We obtained white and porous scaffolds via lyophilization, and two scaffold types shared similar surface and internal structures; specifically, the scaffolds had open pores, thin walls and a connective interior (Figure 1) .
For the C/G/BMSCs-dECM scaffolds, the average pore size was 289.17 ± 80.28 μm, the average porosity was 89.25 ± 3.75%, the average water uptake ratio was 13.81 ± 1.00, and the average compressive modulus was 0.82 ± 0.07 MPa (Table 1) . For the C/G scaffolds, the average pore size was 227.17 ± 44.37 μm, the average porosity was 88.48 ± 2.28%, the average water uptake ratio was 11.07 ± 0.87, and the average compressive modulus was 1.10 ± 0.11 MPa (Table 1) .
The cell counting kit-8 (CCK-8) assay results showed that the OD value associated with elution from the C/G/BMSCs-dECM scaffolds at 7 days was higher than that of the other groups, and there were no significant differences among the other 6 groups (Figure 2A ). In addition, the proliferation ratio of the cells associated with the C/G/BMSCs-dECM scaffold elution at 7 days was also higher than that of the other groups ( Figure 2B ).
The cell adhesion ratio of the C/G/BMSCsdECM scaffolds was 54.17 ± 6.25%, while that of the C/G scaffolds was 40.00 ± 3.16%. After culturing for 7 days, live/dead staining showed that most cells in the C/G scaffolds and almost all of the cells in the C/G/ BMSCs-dECM scaffolds were viable ( Figure 3C and 3F); additionally, more live cells were observed in the C/G/BMSCs-dECM scaffolds ( Figure 4F ). Scanning electron microscopy(SEM) showed that cells in the C/G/ BMSCs-dECM scaffolds ( Figure 3D and 3E) were more active than cells in the C/G scaffolds ( Figure 3A and 3B). Furthermore, these cells were well distributed, and the ECM secreted by them covered the walls of the C/G/ BMSCs-dECM scaffolds ( Figure 3D and 3E) . Figure 4 shows the alkaline phosphatase (ALP) results for cells in both scaffolds with and without osteogenic induction (OS). With OS, the U value of cells in the C/G/BMSCs-dECM scaffolds reached a high level after 7 days, peaked after 14 days and was maintained for 21 days. However, the U value of cells in the C/G scaffolds was much lower than that of the C/G/BMSCsdECM scaffold cells and increased only slightly. Without OS, the U values of cells in the C/G/BMSCs-dECM and C/G scaffolds were similar after 7 and 14 days, but after 21 days, the U value of cells in the C/G/BMSCs-dECM scaffolds was higher than that of cells in the C/G scaffolds and was similar to that of cells in the C/G scaffolds with OS. Figure 5 shows the reverse transcription-polymerase chain reaction (RT-PCR) results for collagen 1 (Col 1), ALP, osteopontin (OPN), osteocalcin (OCN), and Runtrelated transcription factor 2 (Runx-2) from cells in both scaffolds. The ALP messenger RNA(mRNA) trend was similar to that observed for the ALP protein levels. For Col 1 mRNA, with OS, the ratio reached a high level after 7 days, peaked after 14 days, then declined, and the Col 1 mRNA level of cells in C/G/BMSCs-dECM scaffolds was higher than that of cells in C/G scaffolds at day 7 and 14, while was lower than that at day 21; without OS, the Col 1 mRNA ratio of cells in C/G/BMSCs-dECM scaffolds was higher than that in C/G scaffolds except for day 7, where there was no statistic difference. With OS, the amount of OPN mRNA increased with time, and the OPN mRNA level of cells in the C/G/BMSCs-dECM scaffolds was higher than that of cells in the C/G scaffolds; without OS, the OPN mRNA ratios of cells in both scaffolds were much lower than those in cells with OS, and the level in C/G/BMSCs-dECM scaffolds was still higher than that of cells in the C/G scaffolds. For OCN mRNA, after 14 days, the ratio sharply increased and continued to increase until 21 days, and the ratio in the C/G/BMSCs-dECM scaffolds without OS was similar to the ratio in the C/G scaffolds with OS. For Runx-2 mRNA with or without OS, the ratio increased with time and peaked at day 21. Besides, The Runx-2 mRNA level of cells in C/G/BMSCs-dECM scaffolds was higher than that of cells in C/G scaffolds except for day 7 without OS.
Mineralization deposition was observed using alizarin red and von Kossa staining, and Figures 6 and 7 show that with OS, calcium nodules in the C/G/BMSCsdECM scaffolds were thicker than those in the C/G scaffolds, especially with von Kossa staining; without OS, the nodules were smaller and more dispersed. www.impactjournals.com/oncotarget DISCUSSION A bioactive material that contains various growth factors and proteins, ECM has been used to fabricate tissue engineering scaffolds [13, [21] [22] [23] [24] [25] . With the method introduced by Liming Wang, we can obtain intact BMSCsdECM; however, according to our previous experience, ECM suspensions exhibit problematic stickiness, and the powders obtained after lyophilization often do not form scaffolds. Moreover, even though scaffolds can be made by shortening the lyophilization time, their strength is poor. To the best of our knowledge, intact BMSCsdECM scaffolds have never been applied to bone tissue engineering.
Chitosan is often used with gelatin [14, 16, 26] . Chitosan and gelatin solutions are very thick, and scaffolds other than powders can be obtained after lyophilization. Thus, in this study, we constructed C/G/BMSCs-dECM scaffolds and examined the feasibility of applying them to bone tissue engineering.
Both scaffold types were white and porous. A porous structure is beneficial for providing nutrition and allowing metabolic discharge from cells [27] . The pore size of the C/G/BMSCs-dECM scaffolds was larger than that of the C/G scaffolds (p < 0.05), but there was no significant difference in terms of their porosity (p > 0.05). As the ideal pore size is 100-350 μm [28] , both scaffolds had a suitable pore size, which is necessary for cell adhesion and growth.
The water uptake ratio of the C/G/BMSCs-dECM scaffolds was higher than that of the C/G scaffolds, likely due to two factors. First, the larger pore size in the C/G/ BMSCs-dECM scaffolds can lead to more widespread contact between the medium and the pore wall; second, hydrophilic groups in the ECM may promote water absorption [24] , which provides two advantages. First, water absorption is beneficial for cell metabolism and providing nutrition, and second, after absorbing water, scaffolds swell, leading to larger scaffolds that come into closer contact with surrounding tissues, which avoids displacement of the implant [29] . For the C/G/BMSCs-dECM scaffolds, replacing 1% chitosan and gelatin with BMSCs-dECM led to decreased mechanical strength compared with that of the C/G scaffolds (p < 0.05). However, the compressive modulus of the C/G/BMSCs-dECM scaffolds was still much larger than that reported previously for ECM scaffolds [13] .
Acetic acid and glutaraldehyde were used during the scaffold preparation process, which may affect cell growth (especially glutaraldehyde). Although chemical neutralization and flushing with double distilled water (ddw) were performed before the second lyophilization, we didnot know whether the reagents remained in the scaffolds. Therefore, we examined the toxicity of elutions from both scaffolds using CCK-8 assays and cell counts. When cells were cultured with the scaffold elutions, the cell proliferation ratios did not decrease. Moreover, the proliferation ratio in the presence of the 7-day elution from the C/G/BMSCs-dECM scaffolds was higher than that from the other scaffold elutions. These results indicated that there were no residual chemical reagents in either type of scaffold. Moreover, the C/G/BMSCs-dECM scaffolds likely slowly released bioactive factors into the medium that can accelerate cell proliferation, which requires further research.
The cell adhesion ratio of the C/G/BMSCs-dECM scaffolds was higher than that of the C/G scaffolds (p < 0.05), which is likely the result of two factors. First, more cells can interact with pore walls in the C/G/ BMSCs-dECM scaffolds because of their larger pore size. Second, gelatins and proteins in the ECM, such as TGF-β 1 which can recruit cells in situ [30] , can provide a microenvironment for cell adhesion, proliferation and differentiation. When cultured for 7 days, live/dead cell staining and SEM were used to examine the viability and activity of the cells in both scaffolds. Cells in the C/G/ BMSCs-dECM scaffolds were more active than those in the C/G scaffolds. Osteogenic differentiation of BMSCs is a key process for bone repair and regeneration. Three different parameters, ALP levels, osteogenic markers and mineralization deposition, were assessed. With OS, ALP levels in the C/G/BMSCs-dECM scaffolds reached a high level after 7 days, peaked after 14 days, and remained stable for 21 days, while ALP levels in the C/G scaffolds exhibited a similar trend with a lower U value (p < 0.01). Without OS, ALP levels in the C/G/BMSCs-dECM scaffolds also reached a high level after 21 days that was similar to the level observed with OS in the C/G scaffolds (p > 0.05) and higher than that in the C/G scaffolds without OS (p < 0.05). These results indicated that C/G/ BMSCs-dECM scaffolds displayed excellent osteogenic capabilities even without OS.
The osteogenic markers Col 1, ALP, OPN, OCN and Runx-2 were chosen to evaluate osteogenesis, because Col 1 is a early-term marker that means extracellular matrix appearance, ALP and OPN are early and medium-term osteogenic markers that are associated with extracellular matrix accumulation, and OCN is a late-term marker that indicates extracellular matrix maturity [18, 31, 32] , which can cover the whole term of osteogenesis. Besides, Runx-2 is another important marker of osteogenic induction. Previous studies also selected several or all of these markers to assess the osteogenesis ability of stem cells [3, 23, 33, 34] . The results conformed to this temporal expression; Col1, ALP and OPN were high at 7 days and 14 days, while OCN levels were high at 14 days and 21 days.
Alizarin red and von Kossa staining were used to observe mineralization deposition. With OS, calcium nodules in the C/G/BMSCs-dECM scaffolds were larger and thicker than those in the C/G scaffolds. In addition, the von Kossa staining intensity appeared greater than that of alizarin red, likely for two reasons. First, alizarin red stained the scaffolds in addition to the calcium nodules; thus, we needed to flush the scaffolds several times to remove the residual dye, which led to the loss of calcium nodules. Second, different methods and durations of staining can produce disparate results and may have also led to the differences we perceived. Without OS, we also observed calcium nodules in both of the scaffolds, and the calcium nodules in the C/G/BMSCs-dECM scaffolds were likewise larger than those in the C/G scaffolds. Given the ALP, osteogenic markers and mineralization deposition results, we conclude that BMSCs-dECM and C/G/BMSCs-dECM scaffolds are promising materials for bone tissue engineering.
There are some limitations to our study. First, we could not quantify the fluorescence intensities nor the calcium nodules due to the multilayered structure of the scaffolds, which may have led to bias in the results. Second, there were differences between the in vivo and in vitro studies; thus, further in vivo research is needed to verify the in vitro results.
In conclusion, BMSCs-dECM is a promising material for use in bone tissue engineering, as is the C/G/ BMSCs-dECM scaffold that was fabricated from it.
MATERIALS AND METHODS

Rats
Male Sprague-Dawley (S-D) rats (weighing approximately 50 g) were purchased from the animal center at the 2nd Affiliated Hospital of Harbin Medical University. All animal experiments were performed in compliance with the Institutional Animal Care and Use Committee of Harbin Medical University.
Isolation and identification of BMSCs
BMSCs were isolated according to a previously described method [13] . Briefly, an approximately 50g S-D rat was euthanized by pentobarbital overdose. Both femurs were removed, and the muscles were cleaned under sterile conditions. The bone marrow was flushed out with Dulbecco's modified Eagle's medium (DMEM; Beyotime, Shanghai, China), and the resulting DMEM/bone marrow mixture was centrifuged. After discarding the supernatant, the sediment was resuspended in complete medium, comprising DMEM, 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (Beyotime, Shanghai, China). The cells were then cultured in an incubator(5%CO 2 , 37°C, 95% humidity). After 3 days, the non-adherent cells were removed, and the medium was refreshed every 2 days until the cells reached 90-100% confluence. The cells were then passaged, and after the 3rd passage, the cell phenotype was verified as described in our previous study [3] . These cells were found to meet the criteria for mesenchymal stem/stromal cells [35] .
Collection of BMSCs-dECM
BMSCs-dECM was collected as described previously [13] . Briefly, cells from the 3rd passage were cultured in a bottle containing DMEM supplemented with 50 μg/mL L-ascorbic acid and 150 μg/mL ascorbate-2-phosphate. The medium was refreshed every 3 days for 4 weeks. Gel-like ECM appeared on the bottom surface of the bottle. We then discarded the medium, patted the bottom of bottle and added 2 mL of trypsin for 2 min (37°C, 5% CO 2 , 95% humidity) to remove any cells on the ECM membrane ( Figure 8A ), and the ECM was collected ( Figure 8B ). The BMSCs-dECM was subsequently lyophilized and stored at −80°C for further use.
Preparation of C/G/BMSCs-dECM and C/G scaffolds
Chitosan(Biosharp,Anhui,China) was dissolved in acetic acid (1%v/v), and gelatin (Biosharp, Anhui, China) was dissolved in ddw in a 55°C water bath; A BMSCs-dECM suspension was prepared with a tissue homogenizer. These three materials were mixed in proper proportions to yield a mixture containing 2% w/v chitosan, 2% w/v gelatin and 1% w/v BMSCs-dECM. The mixture components were then cross-linked using 0.25% glutaraldehyde (Tian li, Tianjin, China) overnight. A 12-well plate was used as a lyophilization mold for the scaffolds. The mixed solution was added to the wells, incubated at −80°C for 8 h and then lyophilized for 48 h. White and porous scaffolds were obtained, which were then soaked in 1% w/v NaOH (Tian li, Tianjin, China) for 30 min, flushed with ddw, soaked in 2% sodium borohydride (Tian li, Tianjin, China) for 20 min and flushed with ddw to remove the acetic acid and glutaraldehyde. Next, a second lyophilization was performed to produce the final scaffolds ( Figure 8C ).
C/G scaffolds ( Figure 8D ), which contained 2.5% chitosan and 2.5% gelatin, were also constructed according to the above method. Both scaffolds were sterilized with ethylene oxide before further use.
Basic characteristics
The color, shape, and basic structure of the scaffolds were examined by visual inspection. Hematoxylin andeosin (H&E) staining and SEM were used to observe their internal structures. Briefly, 5-μm slices were prepared as described in our previous study and subjected to H&E staining [3] . The scaffolds were coated with gold/ palladium, and their morphology was visualized via SEM. Under appropriate magnification, 10 pores from 3 random views were randomly selected and measured, and their average value was determined to be the scaffold pore size [36] .
Porosity
Porosity was measured according to a previous report [37] . Briefly, scaffolds were cut into approximately 1 cm 3 cubes. For each cube, the length, width and height were accurately measured using a digital caliper; an accurate volume (Vw) was calculated; and their weight (Ws) was measured. Each scaffold cube was then immersed in a container full of ethanol (ρ), and the displaced ethanol was collected in another container. Next, we measured the weight (W1) of the mixture containing the scaffold, ethanol and both containers. After removing the displaced ethanol, we measured the weight (W2) of the mixture containing the scaffold, the remaining ethanol and both containers. The porosity was calculated as 1-(W1− W2 + Ws)/(ρ × Vw) × 100%.
Water uptake ratio
Each scaffold (W1) was immersed in ddw for 2 h and then weighed (W2) again. The water uptake ratio was calculated as (W2−W1)/W1.
Mechanical properties
According to a previously reported method, scaffold samples that were 6 mm in diameter and 2 mm in thickness were loaded onto a universal mechanical tester. A 10N load cell was used, and the scaffolds were compressed at 50N/min until they could no longer withstand the pressure. The compressive press-strain curve was linear up to a strain rate of 50%, and the compressive modulus was at 50%.
Cytotoxicity
To test their in vitro cytotoxicity, we immersed scaffolds in 5 mL of complete medium and cultured them at 4°C for 1, 3 and 7 days. We then removed the scaffolds and collected the culture mixtures containing complete medium and the scaffold elutions. BMSCs from the 3rd passage were cultured in a 96-well plate at a density of 1 × 10 4 cells/well with complete medium and six different mixtures of the Day 1 elutions, Day 3 elutions and Day 7 elutions of the C/G/BMSCs-dECM and C/G scaffolds. After 3 days of incubation, CCK-8 (Jian Cheng, Nanjing, China) was used to measure the absorbance (OD value) of the cultures according to the manufacturer's instructions. With this method, higher absorbance values indicated better activity. In addition, the final number of cells (n 1 ) per well was determined by plate counts, and the proliferation ratio was calculated as n 1 /1 × 10 4 . The cell viability and proliferation ratios were used to assess the cytotoxicity of both types of scaffolds.
Adhesion ratio
A dynamic method was employed to test the cell adhesion ratio. Briefly, scaffolds were immersed in 5 mL of complete medium containing 1 × 10 5 3rd passage cells. The mixture was subjected to vibration overnight on a shock table, during which a portion of the cells adhered to the scaffolds. The scaffolds with adhered cells were removed and further cultured, and the non-adherent cells and cells that adhered to the well walls (n 1 ) were collected and counted. The adhesion ratio was calculated as (1 × 10 5 -n 1 )/1 × 10 5 × 100%.
Cytoactivity
Scaffolds with adhered cells were further cultured in complete medium for 7 days, and live/dead cell staining was employed to assess cell activity in the scaffolds. Briefly, a live/dead cell staining kit (Tian Kai,Tianjin,China) composed of two reagents, Calcein AM and EthD-1, was used. Calcein AM enters live cells and is then hydrolyzed by a special enzyme to calcein, which is a green fluorescent molecule. EthD-1 cannot enter living cells, but it can enter dead cells, where it combines with gene segments to form a fluorescent signal, causing dead cells to appear red. SEM was also performed to analyze the morphology and activity of cells in the scaffolds.
Osteogenic induction
After being removed, scaffolds with adhered cells were cultured with and without osteogenesis induction medium (Cyagen,Guangdong,China), and these medium were refreshed every 3 days. After 7, 14 and 21 days, ALP levels and mineralization deposition were measured and the mRNA levels of Col 1, ALP, OPN, OCN and Runx-2 were determined to evaluate cell osteogenesis in the different scaffolds under different situations.
For ALP (Jian Cheng, Nanjing, China), the scaffolds with adhered cells were immersed in 3 mL of trypsin for 2 min with light shaking, and then the trypsin was neutralized with complete medium. The scaffolds were removed, and the remaining mixture was collected. After centrifugation and resuspension, the cells were obtained. Ultrasound was employed to disrupt the cell membranes, and ALP assays were performed according to the manufacturer's instructions. OD and U values were measured and calculated. This procedure was repeated 3 times.
For RT-PCR, the cells were extracted from the scaffolds as outlined above. TRIzol reagent was used for total RNA isolation, and cDNA was synthesized using a Golden 1st cDNA Synthesis Kit. Real-time PCR assays for mRNA were performed in a Mini-Opticon2 system (MJ) using the Golden HS SYBR Green qPCR Mix with the following reaction conditions: 95°C for 15 min, followed by 45 cycles of 95°C for 10 s and 60°C for 30 s. Primers for Col 1, ALP, OPN, OCN and Runx-2 were purchased from Genscript, and the GAPDH qPCR primers were obtained from HaiGene (Table 2) . Quantitative normalization of the cDNA in each sample was performed using the GAPDH gene as an internal control. RT-PCR assays were performed in triplicate for each sample, and the mean values were used to calculate the mRNA expression levels.
Alizarin red and von Kossa staining were used to analyze mineralization deposition. Briefly, after being cultured for 21 days with and without OS, scaffolds with adhered cells were immersed in 4% paraformaldehyde www.impactjournals.com/oncotarget overnight. For alizarin red staining, the scaffolds were immersed in alizarin red for 3 min and then flushed with ddw several times to remove residual dye. For von Kossa staining, the scaffolds were immersed in 5% von Kossa solution, exposed to ultraviolet light for 10 min, and flushed with ddw several times to remove residual dye. Finally, the scaffolds were observed under an inverted microscope.
Statistical analysis
All examinations were performed on six replicate scaffolds unless otherwise indicated, and the data are presented as the mean ± SD. Statistical differences were analyzed using Mann-Whitney U test or Kruskal-Wallis ANOVA followed by a Nemenyi test, and p values of < 0.05 or < 0.01 were considered significant.
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